Introduction
The field of atom optics was already in full swing when light with orbital angular momentum (OAM) arrived on the scientific horizon [1] . Pioneering atom-trapping and cooling experiments took place from the mid1980s, single ions were cooled to their motional ground state as early as 1989 [2] and the first Bose-Einstein condensates (BECs) would be created in 1995 [3] . It did not take long before researchers started to contemplate the effect of optical OAM on atomic matter, initially mainly in theoretical discussions and by observing the propagation of light with OAM through dilute atomic gases, but increasingly with highly sophisticated experiments based on cold-trapped atoms, providing an almost stationary target for light fields, or isolated atoms or ions that could interact with photons on the quantum level. What can be gained by letting atoms interact with OAM light? A rather 'passive' use of light in OAM modes is the design of trapping and guiding geometries that confine atoms to regions of maximal or minimal light intensity for light below or above the atomic resonance frequency, respectively. Section 2 describes how atoms can be guided in free space and through hollow core fibre, and confined within the evanescent field of OAM modes propagating through nanofibres. These applications rely on the characteristic intensity structure of OAM modes and their superpositions, but they do not involve any transfer of angular momentum between light and matter, and in fact, leave the internal atomic state unchanged.
Coherent, and hence phase preserving, light-matter interaction instead offers us ideal conditions to respond to the spatially varying phase of OAM light, and in particular to transfer angular momentum between light and matter, as discussed in §3. It has been predicted and observed that OAM light can exert a torque on atomic clouds and BECs, inducing a mechanical rotation. However, angular momentum can also be transferred to the internal state of an atom. Conventionally, the selection rules are interpreted for light with linear or circular polarization, but the total optical angular momentum can be augmented by OAM. This becomes particularly relevant for electric quadrupole transitions that require a change of two units of angular momentum in the atom, and the effect of OAM on the selection rules for such quadrupole transitions has recently been observed for the first time.
Transitions between the quantized internal and external states of atoms are a direct demonstration of the quantum properties of OAM light and furthermore can form the basis for quantum applications. These internal transitions can shape atomic populations and coherence based on the spatial phase structure of the driving light beam. This allows us to convert OAM information from light to atoms and back, to build atomic memories, quantum repeaters and frequency converters for OAM-based communication networks, which are discussed in §4.
Some of the most recent research instead is based on the OAM of matter waves themselves, sometimes but not always excited via optical OAM. applications as quantum sensors. In a similar way, singular optics has also been replicated based on atomic spin structures. A selection of these ideas is summarized in §5.
The effect of light that carries OAM has been explored using a large variety of transition types, some of which are indicated in figure 1. The remainder of this article describes the concepts and applications in more detail.
Orbital angular momentum beams for trapping and guiding geometries
Many high precision experiments with neutral atoms require the particles to be confined and cooled to temperatures close to absolute zero. Low temperatures are particularly important for applications in metrology or sensing as a longer interaction time of near-stationary atoms results in better resolution. A tight confinement is important if the state of individual atoms is manipulated for quantum information processing. Low temperatures and tight confinement can be achieved by loading pre-cooled atoms into an optical dipole trap, also termed a far-off resonance optical trap.
In such traps, absorption and emission are very much reduced, and the light field provides a conservative optical dipole potential, where atoms are attracted to the bright light regions for reddetuned light or the dark regions for blue-detuned light. Blue traps are particularly advantageous as atoms scatter very few photons, leading to a reduced heating rate, lower decoherence and minimized light shifts. Optical dipole traps can be moulded into desired geometries by shaping the light field appropriately. Laguerre-Gauss (LG) modes and their superpositions provide a particularly suitable basis for cylindrically symmetric trapping configurations [4] [5] [6] [7] [8] , including torroidal traps or ring lattices [9] [10] [11] [12] [13] [14] , for which the optical vortices of blue-detuned trapping light offer a guaranteed intensity null, and waveguides [15] [16] [17] [18] [19] and nanofibres [20] [21] [22] [23] [24] [25] [26] .
(a) Orbital angular momentum-based trapping geometries
The first LG-based dipole trap was realized in 1997, confining a (then) record number of 10 8 rubidium atoms to the core of a blue-detuned OAM beam closed off by two transverse 'plugging' beams [4] . Alternatively, three-dimensional trapping geometries can be generated from a single light beam in a superposition of suitably phased LG modes, generating so-called bottle beams with an intensity zero surrounded by bright light [27] . A bottle beam trap was demonstrated for cold atoms [5, 6] as well as for a single Rb atom [7] that could be trapped for several seconds. Strictly speaking, OAM plays a very limited role for these traps, and similar trap designs have been realized based on different techniques, e.g. via antiresolution [28] .
LG beams and their superpositions are however particularly suited to generate optical ring traps and ring lattices, which find applications in closed-loop circuits in atomtronics and atom interferometry (see also §5), as well as for the fundamental study of multiply connected geometries. A dark ring trap, generated at the focus of an LG 1 1 mode, was shown to hold Rb atoms with a low decay time of 1.5 s [9] . Ring lattices can be realized for trapping in bright or dark intensity regions from suitable superpositions of co-or counter-propagating LG beams [10, 11] . These may simulate condensed matter effects: adjusting the phase twist could generate persistent currents [10] , and adjusting the boundary between the lattice sites should allow the realization of Mott insulator transitions [11] . A plethora of trapping geometries is possible by combining LG modes of different OAM and radial mode number [12] . Single Rb atoms were trapped at individual lattice sites of a bright rotating ring lattice [13] , and atoms could be transferred between a bright and dark ring trap, simply by modifying the laser detuning [14] .
OAM beams have also been used in a different trapping context for a dark spontaneous optical force trap (dark SPoT) [8] . In this case, the repump beams of a magneto-optical trap (MOT) could be dynamically switched from Gaussians to LG beams, generating a hollow shell of repump light. The atoms in the centre of this shell would relax into an atomic state that no longer interacted with the MOT light, thereby sheltering the atoms from radiation pressure and increasing phase space density by two orders of magnitude. 
(b) Orbital angular momentum-based waveguides
The structure of OAM beams is ideally suited to generate waveguides. At the centre of a bluedetuned LG beam, atoms are confined along the transverse direction by the optical dipole force but can freely move along the vortex core. This has been demonstrated by loading Rb atoms from a hybrid trap into a waveguide [15] , and more recently by guiding atoms from a two-dimensional MOT via a hollow blue-detuned LG beam over a distance of 30 cm, which increased the atom flux at the exit of the waveguide by a factor of 200 compared with light travelling through free space [16] .
Waveguides do not necessarily have to be straight. Helical waveguides for cold atoms could be generated from two counterpropagating LG beams with equal OAM (if defined with respect to the beam propagation direction) [17] . Analysing the local oscillations of the atoms revealed the existence of geometrically bound states. The same system was studied via Lagrange formalism, predicting an additional global oscillation of atoms sloshing along the waveguide between two turning points separated by around one Rayleigh range. In the presence of gravity, only the upper turning point exists and atoms would be funnelled downwards [18] .
OAM beams can not only channel atoms through free space, but also through hollow core fibres. Within the fibre a different set of modes takes over from the free space LG modes, which depend on the phase structure associated with OAM as well as the polarization structure. It has been shown that cold Rb atoms could be transported into a 100 µm diameter hollow core with better efficiency if they were guided by an azimuthally polarized TE 01 hollow mode [19] .
At the other extreme of hollow core fibres are optical nanofibres. Light propagating through a nanofibre spills out as an evanescent field that can interact with adjacent nanoparticles or cold atoms. This offers us new trapping geometries and provides us a highly localized tool to investigate atoms. At the same time, interaction with atoms modifies the optical mode within the nanofibre with potential applications for quantum technologies. A review of this emerging research field, including the use of higher-order modes, can be found in [20] . Higherorder modes have been predicted [21] and observed [22] to generate stronger evanescent fields and hence interact more efficiently with nearby atoms. By superposing several co-or counter-propagating higher-order modes, and by combining red and blue light frequencies, the evanescent field can be moulded into more complicated lattice structures, including doublehelix potentials [23] and four intertwined helices, which may be broken into unconnected lattice sites [24] .
The strong transverse confinement within a waveguide, but also within whispering-gallerymode microresonators, results in spin-orbit coupling for the transmitted light. This generates a longitudinal polarization component, parallel to the propagation direction, which is out of phase with the transverse direction by close to ±90 • . The sign is dictated by the propagation direction of the light mode, effectively generating σ ± polarized light. This was demonstrated by driving atomic transitions of a single atom at the surface of a whispering gallery resonator [25] , and by observing the altered scattering direction of a nanoparticle in the evanescent field of a waveguide [26] .
Transfer of orbital angular momentum to motional and electronic states
Light, with or without OAM, can exert mechanical forces on atoms that change their external motion, while driving transitions between their internal electronic states, an effect commonly employed in atom optics. Atom cooling, for example, is based on the transfer of linear momentum from photons to atoms, and the subsequent dissipation of energy via incoherent scattering. In addition, the angular momentum has to be conserved in coherent light-matter interaction, allowing transfer of OAM from light to atoms.
Atoms were not the first candidates to test OAM transfer; experiments in optical tweezers showed that micrometre-sized particles would start to rotate when they absorbed OAM light [29] , and by comparing the effect of OAM with that of circular polarization it was deduced that the total [30] .
In contrast to microparticles, atoms offer us several advantages: for the ultracold atoms of, for example, a BEC or for an ion close to the motional ground state the atomic motion becomes quantized, ideal for eliciting a quantum response to optical OAM. In addition, atoms have welldefined internal states, with a wave function defined by their angular momentum quantum numbers, and OAM may therefore also be transferred to the internal electron distribution of an atom.
(a) Rotating atoms
In 1994, it was predicted that OAM light could exert a torque on atoms of maximally hΓ , where Γ is the spontaneous decay rate [31] . Observing this rotation is rather challenging, especially for room temperature atoms for which the thermal motion obscures the azimuthal motion caused by a torque owing to OAM light. The chances are better for a BEC that can exhibit macroscopic rotations or 'vortex states' with an angular momentum of multiples ofh. The first vortices in a BEC were induced by stirring the atoms with a focused beam [32] , but a more controlled method was suggested by various authors, based on a stimulated Raman or four wave mixing (FWM) process, where one of the transitions is driven with OAM light [33] .
Such an FWM process showed the first indirect evidence of OAM transfer to atoms: the combination of a Gaussian beam and a near counter-propagating LG beam generated a forked diffraction grating in the cold atomic cloud. A Gaussian probe beam, incident onto this atomic hologram, was transformed into the appropriate OAM mode as dictated by the signal beam [34] . One may speculate that writing the forked diffraction grating had transferred OAM to the atomic cloud, and similar considerations also hold for the entanglement between a collective atomic excitation and a single photon [35] which is discussed in more detail in §4.
The first direct observation of an OAM-induced quantized vortex state was reported in 2006 [36] for a Na condensate. OAM was transferred via a stimulated Raman process with an ingenious difference from standard methods: the initial and target states of the two-photon transition differed not in their internal state but in their linear momentum. The atoms absorbed a photon from a Gaussian beam and immediately emitted it again into a counter-propagating OAM beam. This process simultaneously transferred OAM and linear momentum (of 2hk), so that atoms that had undergone the Raman transition were separated from the original atom cloud. The core of the atomic vortex state was clearly visible, and moreover, a pulse sequence of two Raman processes could generate superpositions of vortex states, thus demonstrating the quantized nature of the transferred OAM. A subsequent experiment positioned the vortex state within a toroidal trapping potential, and a persistent current could be maintained for 10 s [37] . This task required OAM transfer without net linear momentum transfer, which was achieved by preparing the atoms with −2hk before the combined transfer of OAM and +2hk. An alternative method with negligible linear momentum transfer was developed based on almost co-propagating Raman beams [38] , and clear images of vortex states and their superpositions could be obtained after spin separation.
The study of persistent currents and superfluidity in ring traps has become an active research field, and its comprehensive description goes beyond the scope of this review. One intriguing experiment was concerned with the detailed study of the persistent currents that could survive for over 2 min [39] . An LG beam, red detuned to the atomic transition, provided both the toroidal dipole potential as well as one of the Raman transitions to transfer an OAM of h. It may be interesting to note that the atomic energy of the vortex state is increased by the rotational term of E r 2 , where E r is the recoil energy, and the transition frequency was adjusted accordingly. Instead, a two-component BEC could be generated, with a variable imbalance between the two spin components. For similar population of the two components, the vortex state decayed much faster in steps ofh owing to phase slips between the spin components [40] . generally in superpositions of many radial modes, dictated by the toroidal trapping potential and the velocity of the atoms. One neat example is the generation of a matter wave Bessel beam that evolved from a 'stirred' thin toroidal BEC [41] . Some applications of such matter wave vortex states for quantum circuits and metrology are discussed in §5.
(b) Selection rules
Angular momentum can be present not only as a mechanical rotation of the whole atom, but also within its internal state, as a 'rotation' of the electron distribution characterized by the total electronic angular momentum J, and in particular its projection along the light propagation direction, J z . It is well known that circular polarized light provides the angular momentum of ±h that is required for atomic dipole transitions between atomic states that differ by J z = ±h. Could OAM light provide the additional angular momentum that is required for atomic quadrupole transition with J z = ±2h? Generally, atomic transitions can be driven if the overlap between the atomic wave function of the initial (ψ i ) and target state (ψ f ) matches the multipole structure of the optical field, with the coupling strength of a dipole transition determined by d 3 rψ * i d · Eψ f and similar expressions for the higher-order terms. A transition is 'forbidden' if the integrand has odd parity, and hence the symmetry of OAM light should play a crucial role in determining the coupling strengths.
It might be tempting to match the internal and external angular momentum of light (circular polarization and OAM) with the internal and external angular momentum of atoms (J z and centre of mass rotation). It has indeed been shown that, in the dipole approximation, the orbital angular momentum of light couples to an atom's centre of mass motion without effect on its internal degrees of freedom [42] [43] [44] . For quadrupole and higher-order transitions, however, the electronic levels of an atom can be affected. It has been predicted that during photoionization OAM could be transferred from the incident photons to the ejected electrons [45] , and that elastic forward scattering could be accompanied by an exchange of 2 h for an atom positioned at the very centre of a vortex beam [46] . Such accurate positioning is of course technically demanding, but moreover, the centre of the OAM beam is dark, so that the electric dipole interaction vanishes. Theoretical studies therefore considered off-axis excitation for hydrogen-like atoms [47] , and also optical pumping owing to absorption of an off-axis OAM beam [48] . This was further generalized for more realistic atoms, e.g. sodium, predicting an effect on the alignment of the excited-state orbitals and the symmetry of the subsequent fluorescence light [49] . Despite many theoretical proposals, so far there has been no experimental confirmation involving the interaction of atoms with optical vortices via dipole transitions.
Quadrupole transitions are sensitive to the field gradient which may persist at the centre of a vortex beam. Usually, atom-light interaction is dominated by electric dipole transitions, whereas electric quadrupole transitions, their closest contestants, are a million times weaker, and come into play only if dipole transitions are forbidden by the selection rules. This has been studied theoretically [50] [51] [52] , showing that the weak optical quadrupole interaction is enhanced significantly for OAM light. Very recently, it has been demonstrated experimentally that the selection rule for a quadrupole transition, indeed, incorporates the total angular momentum of light, including circular polarization and OAM [53] . The experiments were performed with a single Ca ion confined in a Paul trap that could be scanned over the OAM beam profile while monitoring the coupling strength of a quadrupole transition.
Quantum memories
Optical OAM affects the internal transitions within atoms, and may even modify the selection rules, but importantly also changing atomic populations and coherence. This allows us to use atoms as a quantum interface that can store and manipulate optical OAM with potential applications for OAM-based quantum communication networks. OAM modes [54] as well as arbitrary complex images have been stored in an atomic vapour [55] , and OAM modes in an ensemble of cold Cs atoms [56] . In both cases, the structured signal beam was applied together with a strong Gaussian pump beam in a Λ configuration, generating coherence between the two involved ground states that memorized the phase difference between the two light beams. The phase and amplitude profile could be retrieved after some tens of microseconds by applying a further read beam.
Rather than considering the phase difference between a Gaussian and LG beam, phase information can also be encoded in the complex field amplitudes of the right and left circularly polarized light component of a single light beam, e.g. exp(i φ)σ − + exp(−i φ)σ + [57] . In conjunction with a small magnetic field, this light was used to shape the opacity of cold Rb atoms based on the local phase, generating transmission profiles with up to 400 azimuthal fringes.
Alternatively, atomic memories may be based on collective enhancement: a single (Stokes) photon without OAM generates a collective atomic excitation, followed by emission of an (antiStokes) photon [35] . If the anti-Stokes photon is measured to have OAM, then the collective atomic excitation needs to have memorized the opposite OAM in the spatial phase of the atomic ensemble. This could be probed with a subsequent anti-Stokes photon, which triggered the emission of a photon that carries the prescribed OAM. Owing to the probabilistic nature of generating the entanglement between the single photon and the collective atomic excitation, the success rate of the memory is very low.
In 2013, two groups succeeded in storing single photons in a quantum memory based on electromagnetically induced transparency [58, 59] . The quantum nature of the memory was demonstrated by storing qubits encoded as superpositions of ±h OAM states [60] . Atomic memories rely on the conservation of OAM for the conversion between optical information and ground state coherence of the atomic ensemble. Alternatively, atoms may be used to mediate the transfer of OAM from one frequency to another. This was demonstrated by transferring OAM across the visible spectrum, using an FWM process in a hot Rb vapour that involved two nearinfrared pump lasers, a spontaneously generated far-infrared emission and blue light [61] . The OAM conservation from the combined input to the combined output beams could be explained by considering the phase-matching conditions of FWM, and still holds for slightly non-collinear pumping configurations [62] . Conservation of OAM in degenerate four-, six-and eight-wave mixing was reported in a laser-cooled atomic sample [63] . A highly ambitious experiment even demonstrated image storage at multiple frequencies for further multiplexing, with the opportunity of retrieving the light at different frequencies [64] .
All OAM memories described above encode the phase information in the internal states of an atom, but it should be mentioned that a quantum memory based on macroscopic rotations was also proposed: OAM superpositions could be transferred via a Raman pulse sequence onto a stationary ring BEC, thereby generating a coherent superposition of BEC vortex states [65] .
Angular momentum of matter waves
Superfluidity is one of the hallmarks of BECs, and atoms in the superfluid regime can move around a ring only if their OAM is a multiple ofh. Just like for optical vortices, this arises from a purely geometric argument: the velocity v of a superfluid is proportional to the phase gradient of the macroscopic wave function, v = (h/m)∇φ. As the wave function must be single-valued, the integral of ∇φ over the ring is integer, corresponding to quantized states of motion.
Matter wave vortices can be induced by transferring optical OAM [39] [40] [41] as discussed in §3, but in many recent experiments, macroscopic rotations are created by stirring the condensate at the correct rate [66] [67] [68] [69] , and they can even arise spontaneously: stochastic clockwise and anticlockwise rotations have been observed when cooling a stationary ring condensate below the superfluid phase transition [70] . 10 −10 smaller effective mass. Ring BECs can form the matter wave analogue to superconducting quantum interference devices (SQUIDs), with mass currents replacing the electric currents of conventional SQUIDs. The quantized vortex states of a ring BEC, or 'vortex phase qubits', could form the building blocks of atomtronics, e.g. for inertial sensing at the quantum level [65] , and a variety of protocols based on matter wave Josephson junctions have been suggested [71] . One may even imagine configurations of multiple ring potentials populated by a single ultracold atom, allowing the transport of OAM via geometrically induced tunnelling [72] .
Persistent currents in single component BECs can be maintained for several seconds, whereas a stepwise decay has been observed for mixtures of two spin components [40] . A study of twospecies condensates suggested that persistent currents could be maintained at commensurate rotation velocities [73] . A more detailed study predicted quantized supercurrents for miscible two component BECs, and classical, continuous rotation for immiscible components, and that transitions between these regimes would be accompanied by radial flow [74] .
As mentioned earlier, for a single component BEC, vortex states form a basis system, and a given ring geometry should support different vortex state superpositions. It has been suggested that a rotation sensor could be realized by superimposing two counter-rotating vortex states [75] that form a Sagnac interferometer. A rotation of the laboratory frame would impose a phase shift between the opposite currents, observable as a shift in their interference pattern. A variation of this idea was recently realized in a proof of concept experiment: rather than rotating the whole condensate, sound waves (i.e. modulations of the macroscopic wave function distribution) were excited via spatially patterned light, and rotations of the laboratory frame could be observed by monitoring the sound wave interference pattern [69] .
Single [66, 67] and double Josephson junctions [68] have been realized by inserting potential barriers into the dipole potential that supports the ring BECs. Owing to the presence of the barrier, the OAM of the ring condensate is no longer quantized. The condensates could be set into rotation by moving the position of the barrier, generating phase slips in a superfluid atom circuit, and the current-phase relationship across the barrier has been measured interferometrically [67] . Two barriers within a ring condensate act like two Josephson junctions, and by adjusting the separation between the barriers the matter wave acts like a DC SQUID that could be used for magnetometers [68] .
Finally, it should be mentioned that OAM is just one facet of structured light. Vortices may also be found in a light beam's polarization structure, with full Bloch beams providing a notable example. Recently, a matter wave analogue to a full Bloch (Poincaré) beam [76] was generated that contains every possible superposition between two internal states. Such Bloch BECs are topologically similar to magnetic skyrmions and may allow applications in atom spintronics [77] .
Conclusion
Over the past 25 years, our understanding of optical OAM has developed in parallel with our expertise in cold and ultracold atom optics. On a fundamental level, atoms provide a well-understood quantum system with a large-but not overwhelming-number of degrees of freedom. The exquisite control that today's experiments have over the position, velocity and internal state of atoms allows us to demonstrate the quantum nature of optical OAM and investigate its control over matter. The largest success, however, may be the possibility to build the first quantum devices that use atoms to manipulate and store spatial light modes, and to use matter vortices for sensing and metrology. Where will we be in another 25 years?
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